Restriction fragments containing established curved regions, such as the pBR322 tn3 region, the phage lambda attP region and the SV40 T-antlgen and terminus of replication regions, exhibit systematically retarded elution upon anion exchange based HPLC. Using this method, we were able to detect readily other SV40 curved regions, exhibiting also the polyacrylamlde gel electrophoresis retardation anomaly, including several RNA polymerase initiation sites. Unlike gel retardation, HPLC retardation exhibited by curved DNA persists at 55°C and is observed for fragments ranging from 150 bp up to 5 kb. The observed preferential attachment of DNA fragments containing curved DNA to the ionic groups of the column suggests a common d I pole character of these regions due to the local accumulation of charges resulting apparently from the compression in the minor groove of curved DNA.
INTRODUCTION
The observation of unusual electrophoretic behavior on polyacrylamide gels of some particular DNA fragments (1) (2) (3) , led to the discovery of curved DNA molecules. Fragments with reduced electrophoretic mobility are commonly regarded as curved and are universally present, often near loci of major biological interest such as origins of replication, binding sites of promoters, enhancers or recombination sites. Therefore, the question of the functional importance of curved DNA domains is of fundamental interest, intrinsic DNA curvature having been proposed to play a role in many biological processes (for reviews, see [4] [5] [6] . Further developments in structural studies during the last decade led to a revaluation of the existing theoretical DNA models, shedding new light on the field of the conformational basis of curvature, by establishing the importance of polyA tracts as the major characteristic of curved regions (see reference 4, for recent review). Other methods were developed for detecting curved motifs, including the hydroxyl radical attack method (7) , ligase catalyzed circularization (8) , electric birefringence (9) and electron microscopy (10, 11) .
Although HPLC technology has already provided a quantum leap in protein analytical methods, its use for the separation of nucleic acids remains limited to bulk purification of physically well defined molecules, such as plasmids, oligonucleotides or polynucleotides up to 800 bp in length, the resolution of DNA restriction fragments being poor over this limit (for a review see 12) . Another reason is probably the observation that some fragments exhibit abnormal elution properties (13) generating in some cases peak overlap (14) . Recently Waters (Millipore) introduced an HPLC column, the Gen-Pak FAX, meeting the criteria for the separation of DNA restriction fragments from 75 bp to 12 kb (15, 16) . This column is based on the diethylaminoethyl (DEAE) ion exchange chromatography principle. The matrix consists of rigid, non-porous methacrylate polymer particles, 2.5 /tm in diameter bearing the DEAE groups peripherically. In this report we describe conditions for the efficient purification of DNA restriction fragments in a commonly used buffer, in any gradient forming HPLC equipment. Although designed for separation of DNA fragments according to increasing number of phosphate charges and therefore according to length, this column systematically produces a retarded elution for some particular fragments. Such retarded elution has been already observed for either RPC or DEAE based chromatography of nucleic acids and was associated to the high AT content of the retarded fragments (13, 14, 17) . Comparison of the elution order of fragments known to exhibit curved geometries, to linear fragments exhibiting normal elution, allowed us to furthermore demonstrate that the observed retardation is systematically associated with the presence of curved DNA regions in the above fragments. Finally we show that HPLC-delayed fragments of unknown conformation are systematically retarded in polyacrylamide gels at 4° but not at 55°C, indicating that they exhibit curved geometries. The temperature dependence of retardation of curved fragments on this HPLC column is also studied. The possible explanation of this intriguing property of curved DNA regions is further discussed, in the light of the above results, and recent evolution of other techniques dealing with the detection of curvature. Retention time (minutes) Figure 1 . Optimization of the elution conditions on the Gen-Pak FAX column. 3 y.% of the 1 kb DNA ladder (BRL) in 100 y\ of starting buffer were injected into the column. A. 30 minutes logarithmic gradient of buffer A ( 5 to 95% B was used for elution at a flow rate of 0.5 ml/min (115 bar). Elution is mainly according to increasing length (sizes for fragments 1-23 are included).
MATERIALS AND METHODS Samples
40 was kindly provided by Dr E. Weiss and C. Kedinger, and the pTi 15955 containing M13 construct was kindly provided by Henri de La Salle . Lambda DNA was purchased from Altergen G6nie Ge'ne'tique (Strasbourg). DNA sample manipulations, purifications and PAGE were according to standard procedures (18) . Plasmids were prepared by two successive CsCl density gradients to improve purity wherever necessary. DNA concentrations were estimated spectrophotometrically at 254 nm and by fluorometry in a Hoefer TKO 100 fluorimeter using the fluorochrome bis-benzimidazole (Hoechst 33258). Agarose gel electrophoresis was run in a mini-electrophoresis cell and stained with ethidium bromide (18) . Ethanol precipitation of very diluted DNA samples was performed in the presence of 0.1 % Glycogen (Molecular biology grade, Appligene, France).
HPLC Equipment
The column, a 10 cmx4.6 mm Gen-Pak FAX (Waters 15490), was purchased from Millipore (France). The HPLC equipment was from LKB-Pharmacia, consisting of two 2150 pumps and a high pressure mixing cell controlled by a 2152 unit. An additional 2040-203 low pressure mixing valve was occasionally used. A Rheodyne (California, USA) sample injector was used and fractions were collected with a 2112 Redirac fraction collector. A column inlet filter (Knauer, France) was connected between the injection valve and the column to prevent impurities in the mobile phase from entering the column. Figure 2 . Separation of two fragments of identical length by the Gen-Pak FAX column. A Sma I-Kpn I fragment (coordinates 155 to 625 bp) originating from the Ti plasmid pTil5955 was cloned in the vector M13mpl8. Two fragments of 316 bp were excised from this vector by the enzymes Pvu IandEcoRI. Elution was performed by a 45 minutes logarithmic gradient of buffer A containing 5% to 95% B as described in the experimental procedures. R, RNA residues eliminated by this column, I and n the two 316 bp fragments. Fragment n (identified by subsequent restriction analysis) spanning a part of the lacZ region of the vector contains two adjacent bending motifs.
Chromatography
We chose, to optimize the elution conditions, the most currently used buffer in manipulation of DNA samples (Tris-HCl, EDTA and NaCl) so that the eluted fragments can be used directly or easily concentrated by ethanol precipitation. Gradients were defined so that the elution characteristics are not influenced when mixing conditions are changed. Buffer A contained 50 mM Tris-D GG ABCE F H I J J KL Z 1 234 5 6 7 89X511 Z 20 30 Retenlion lime (minutes) Figure 3 . The pBR322 restriction fragment analysis upon HPLC reveals retarded elution for the tn3 curved region containing fragment. pBR322 (4 jig) was cut with the Ssp I, EcoR V and Hinf I restriction enzymes and analyzed on the Gen-Pak FAX column, under standard gradient conditions. Fragment G contains the m3 bent region of pBR322. Peak fractions were ethanol precipitated and analyzed in a 2.5 % agaro.se gel (included picture). Z. unfractionated pBR322 restriction mix; A -L. fragments according to increasing sequence deduced length.
HC1 pH 7.5, 200 mM NaCl and 1 mM EDTA. Buffer B was as A but 600 mM, or 800 mM in NaCl (see legends of figures). Elution solutions were systematically bubbled with Helium prior to loading, an operation that contributes to reproducibility of the results and longevity of the column. After each chromatography the column and the tubing were washed with 2 ml of 0.5 N NaOH for a maximum of 4 minutes and subsequently equilibrated for 45 min with starting buffer. Logarithmic gradients from A to B were developed for the efficient separation of complex DNA fragment mixtures. We routinely used the 1 kb DNA ladder (BRL), a mixture of Hinf I pBR322 fragments (75 to 517 bp and 1635 bp) and polymers of a 1018 bp originating from the 2 n yeast plasmid (BRL information leaflet) to calibrate this column. Because elution is influenced by the length but also by the relative composition in bp of the fragment, care should be taken to avoid markers with established curved regions, since this could produce abnormal elution patterns (see results).
In figure 1 we present the calibration of the column with the 1 kb ladder. The length of each fragment was monitored by gel electrophoresis. For fragments shorter than 1.5 kb resolution is excellent while a relative compression in elution is observed above this limit. Resolution can nevertheless be increased in this range by changing the gradient characteristics. The best results are obtained with a logarithmic increase of ionic strength (the percentage of buffer B into A, figure 1 ). The shape of the gradient is critical for obtaining maximal resolution. Optimization should be adapted to each equipment by compilation of the existing gradient functions. The order of elution is basically according to length and depends on the phosphate charges of the DNA. The retention time is proportional to the length, so that small fragments are eluting first and bigger later. However sometimes elution order is reversed due to the presence of characteristic curved motifs. Because the column is very sensitive to sequence particularities of DNA fragments, polymers of the same DNA unit should be preferred to other markers in order to calibrate Figure 4 . SV40 DNA restriction analysis on HPLC reveals retarded elution for several fragments. Bgl I. Rsa I restricted SV40 DNA (4 ng) was separated under standard conditions. Peak fractions were ethanol precipitated and analyzed in a 2.8 % agarose gel (included picture). L. 1 kb DNA ladder; X, SV40 restriction mix; a -k, fragments according to increasing sequence deduced length.
the column. A polymer of 123 bp, the 123 bp ladder (BRL), can alternatively be used for calibrating the column between 150 and 1,500 bp (data not shown). But this fragment also, originating from a 5' intron-exon junction of the rat prolactine gene (19) , has many motifs known to contribute to curved DNA conformations and resulting in abnormal elution. Our results were at odds with previously published results (16) concerning the chromatography on this HPLC packing of some DNA fragments and especially restricted X DNA or cosmid derived fragments. A more complicated elution pattern is obtained with restricted X DNA depending on the restriction enzyme used, some fragments exhibiting a more or less pronounced retarded elution apparently depending on local curvature (see results).
Computing and DNA modeling
An interactive modeling program (20) was used to evaluate the 3D structure of sequences of interest. This program incorporates three theoretical models for calculation of the curvature parameters in terms of the sequence: those of Calladine (21) , Dickerson (22) , Tung and Harvey (23, 24) and Trifonov (25) . Published sequences were searched in the GenEMBL bank and processed in a computing environment of a Vax minicomputer and the Evans and Sutherland vector processor PS300 for the visualization of the 3D models. The double helix geometry parameters were calculated and used in this study to evaluate the axis length and the end-to-end distance of the fragments. This method allowed us to evaluate by simulation the global geometry of the studied fragments and predict their curvature, which can be also visualized on the vector processor, from sequence available data.
RESULTS
The anion exchange principle of the column implies that elution is influenced by the charge characteristics of each DNA fragment, meaning that only the length determines the elution order. However we observed systematically an abnormally retarded elution for fragments containing poly A tracts. This unusual property is obvious when fragments of the same length are cochromatographed. In figure 2 we present the separation of two such fragments. They originate from a construction containing a part (coordinates 155 to 625 bp) of the T-DNA region of the Agrobacterium tumefaciens octopine Ti plasmid pTi 15955 (26) cloned in the phage vector M13mpl8. Cleavage of the recombinant double stranded form of the vector with the restriction enzymes Pvu I and EcoR I excises two fragments (I and IT) of identical length (316 bp) . Fig.2 shows that these two fragments, which co-migrate in agarose gels, can be efficiently a b f 123X456 XL 4"C 55 "C Figure 5 . PAGE electrophoresis of the SV40 HPLC eluted fractions. HPLC retarded fragments exhibit also the PAGE retardation anomaly. The 1 to 6 (a to g) peak fractions of HPLC separated restricted SV40 DNA (figure 4) were subjected to 12 % polyacrylamide gel electrophoresis at 4° and 55°C . L, 1 kb DNA ladder; X, SV40 DNA restriction mix.
separated by the Gen-Pak FAX column. The main difference between the above fragments is that fragment II contains a part of the lacZ region of the vector Ml3. In this region two adjacent bending motifs (dA4) are present and the fragment is revealed curved upon DNA modeling. This finding was the first supporting the idea that sequence-directed conformation particularities of the DNA fragments play an important role as they alter dramatically the elution properties on this HPLC column. In order to investigate the elution behavior of curved motifs present in a DNA fragment in this HPLC packing, we tested the tn3 transposon region present in the plasmid pBR322. It has been recently shown that the region comprised between the Ssp I and the Hind HI site (coordinates 4170 to 29) is subjected to a proteininduced bending by E. coli integration host factor (IHF) and that it contains also an intrinsic bent (27) . The existence of a sequence directed intrinsic curvature in this region has been already observed by classic polyacrylamide gel electrophoresis (PAGE) retardation data (2) , by the hydroxyl radical attack method (7) and clearly confirmed by electronic microscopy (11) . The results are presented in figure 3 . The fragment of 378 bp (fragment G) is significantly retarded, since it co-elutes with the fragment of 506 bp. This observation provides further evidence that curved motifs are responsible for the observed chromatographic retardation shift. It is noteworthy that some other regions of pBR322 exhibit also retarded elution although to a lesser extent, particularly the 517 bp (coordinates 2847-3364) Hinf I fragment (see figure 3 ). This retardation becomes evident when other restriction enzymes are used (data not shown). It is interesting to point out that the 517 bp fragment exhibits also the PAGE retardation anomaly (2), as well as a curved geometry as recently revealed by electron microscopy mapping (11) . Retardation of some Hae m restriction fragments of pBR322 has also been reported on other DEAE or quaternary ammonium based HPLC columns such as Nucleogen 4000 or Mono Q (14) . The most striking retardation was observed for a 458 bp fragment (coordinates 2954-3412), and a 192 bp fragment (coordinates Sequence size (bp) Figure 6 . Plot of apparent versus sequence deduced length of SV40 DNA fragments for HPLC (20°C) and PAGE (4°C) determined mobilities. The apparent size values from the HPLC and the polyacrylamide gel migration for fragments a-h were plotted versus the corresponding sequence deduced length. Apparent values for both PAGE and HPLC were calculated using the 1 kb ladder as a reference. Retarded fragments lay over the dotted line, which shows the normal migration expected position.
4346-175). It is interesting to point out that both of these fragments are sharing common sequences with the G and K fragments (figure 3), indicating a complete agreement with our results. Furthermore these results suggest that the observed feature is a function of the presence of tertiary or quaternary ammonium groups in the column independently of the matrix used. Although this is not verified for all of them, the retardation of some fragments was previously attributed to their high AT content (14) . A similar retardation property has been pointed out for the 517 bp fragment (Hinf I, fragment K) upon Nucleogen-DEAE 4000 and the possible role of either high AT content or curved geometries present in this fragment was suggested (13) .
In fact more detailed analysis reveals that retardation is not always proportional to the high percentage of AT in a fragment, indicating that another feature is responsible for the observed retardation. However, since curved geometries are mainly the result of the presence of polyA runs, curved fragments exhibit inherently high AT content. Similar delayed elution patterns are also observed for SV40 DNA restriction fragments after chromatography on this HPLC packing. As shown in figure 4 , the c, d and e fragments are obviously retarded (included agarose gel). The 253 bp retarded fragment d contains the T-antigen binding site and has also been established to be an intrinsically bent region (28) . It is perhaps not surprising, but less obvious, that almost all of the SV40 fragments show more or less delayed elution. The above conclusion is based on the global delayed elution of the SV40 restriction fragments when superposed to their expected elution time, according to the calibration of the column with a size marker.
The existence of curved geometries in the HPLC delayed fragments, can be clearly demonstrated by performing polyacrylamide gel electrophoresis (PAGE) of the eluted fragments at 4 and 55°C (figure 5). As it can be seen from the comparison of the relative mobility of DNA fragments submitted to electrophoresis at low and high temperature, the HPLC delayed fragments are also retarded in polyacrylamide gels at 4°C while significantly less retardation (if any) is observed at 55 °C. This PAGE retardation anomaly at 4°C is already obvious for the fragments of the restriction mix (column X, figure 5 ) when compared to the migration of the size marker fragments L. Other SV40 DNA fragments, like the 1605 bp fragment , are also retarded in both PAGE and HPLC. This retardation anomaly is evident for the above fragment since it elutes significantly later compared to the 1635 bp size marker fragment in HPLC and migrates much slower than the same fragment in PAGE at 4°C (figure 5, column X and L). This fragment (coordinates 1648-3073) contains a sharp sequence-directed curve spanning the terminus of SV40 DNA replication and transcription region (29) . Figure 6 shows the evolution of the apparent length of the SV40 fragments as a function of their sequence deduced length in the case of both PAGE performed at 4°C and HPLC at 20°C. The values for fragments a-h were plotted, for which a precise estimation of the apparent size is possible, since they can be compared to the relatively non curved Hinf I pBR322 fragments (75 to 506 bp) of the 1 kb ladder (BRL product information, see also experimental procedures). As it can be easily observed both curves follow the same evolution, indicating that the two retardation phenomena are related. Higher apparent size values were always obtained for HPLC (upper curve) indicating a higher sensitivity of the method. It should be noticed however, that since charge differences determine the HPLC observed retardation, while in the case of polyacrylamide gels the geometry of fragments seems to be the main factor determining retardation, Figure 7 . HPLC restriction analysis of lambda DNA reveals an important retardation for a 5.6 kb fragment bearing the attP curved region. Lambda phage BamH I-Bstx I restricted DNA (10 fig) was analyzed on the Gen-Pak FAX column. Gradient conditions (5% to 95% B in A) were as described in experimental procedures except that buffer B was 800 mM in NaCl. Peak fractions were ethanol precipitated and analyzed in a 1 % agarose gel (included picture). L, 1 kb DNA ladder; a -s, fragments according to increasing sequence deduced length. The aitP curved region containing fragment is present in fraction 13 (fragment r) exhibiting clearly retarded elution.
we should expect that the two phenomena are related but not identical. The involvement of the structural features of DNA fragments in the retention properties of this column poses the problem of the reliability of some DNA molecules for calibration, a problem, that is also obvious for the PAGE separations of DNA fragments and which should be overcome by the construction of polymers of a known linear DNA fragment. Another interesting point is that the presence of curved motifs as detected by the HPLC delayed elution, can be revealed in surprisingly long fragments. Hence, in the case of phage lambda DNA, this method can reveal the sequence-directed curvature found in the attP region (30, 31) , when present on a fragment as large as 5.6 kb. When X DNA was digested with either EcoR I and Hind HI, or BamH I and BstX I restriction enzymes and analyzed on the column, we found a retarded elution for the attP containing fragments. In the case of BamH I and BstX I restricted phage presented in figure 7 , the attP region is present in a fragment of 5626 bp (fragment r). As it can be seen by performing the appropriate gradient, enhancing resolution in this range, the above fragment show clearly delayed elution since it elutes after a fragment of 6527 bp (fragment s). Similar retarded elution for the attP containing fragment was observed with EcoR I and Hind III restriction analysis (data not shown). The region of the origin of replication contains also a sequence-directed curvature as this has been previously reported (32, 33) . The replication origin containing fragment (3433 bp, fragment n) was also revealed retarded as it elutes in fraction 8, long after fraction 7 containing the fragment o (3691 bp). The above results were confirmed when other HPLC separations or different restriction analysis of lambda DNA were used. As it can be seen from figure 7 several other fragments of the lambda genome present in the length range which is not well resolved in these conditions, show also retarded elution. These fragments can be resolved by using the appropriate restriction analysis and developing gradients enhancing resolution in the size range of interest (to be presented elsewhere).
In table I we compare the HPLC retardation coefficients of the SV40 curved fragments observed in this study, to the PAGE observed retardation of the corresponding fragments and(or) to available data indicating the existence of curved domains in the above fragments. The HPLC observed retardation coefficients follow globally the same evolution as the PAGE retardation coefficients, the HPLC retardation being generally more marked for small fragments (see also figure 6 ). Fragments exhibiting HPLC retardation are fragments for which other available data indicate the presence of curvature. Furthermore we have detected retarded elution on HPLC, and confirmed this retardation anomaly in PAGE (figure 5), for some fragments of SV40 DNA for which in our knowledge, data reporting curvature are not yet available. This concerns mainly the 153 bp fragment b (coordinates 3073-3226), the 226 bp fragment c (coordinates 3928-4169), the 294 bp fragment e (coordinates 3577-3871), the 351 bp fragment g (coordinates 3226-3577) and the 497 bp fragment h (coordinates 971-1468). It is noteworthy that all these fragments except fragment g contain the main RNA polymerase II in vitro initiation sites of SV40 DNA (34) . This result is in agreement with several observations reporting the presence of curved DNA conformations near transcription initiation sites (see ref. 4 and references therein). It should be noticed however that we did not observe any significant retardation for the 298 bp fragment f, although this fragment has been shown to contain an intrinsically curved domain (35) . Nevertheless, the mutation mapping in this region has shown particularities not predictable by the classic models of curvature (35) . In addition this same fragment shows only a slight retardation in PAGE (figure 5), as well as a normal wormlike shape upon DNA modeling, indicating that no detectable curvature is present. Perhaps the restriction analysis used disrupts the bent junction, or is very near the curvature center, provoking a position-depending attenuation of the retardation anomaly, similar to that observed during circular permutation experiments (3). In fact, in the restriction analysis used, a Bgl I site occurs immediately before the adeninethymine tract which is responsible for the bending of this region.
Another interesting point is the temperature dependance of the retardation of curved fragments on this HPLC column. We were surprised to find that retardation in HPLC persists at high (55 °C and 65°C) temperature, for several restriction samples tested. This is illustrated in the case of the retarded fragments detected in this study (table I) , by comparing the retardation coefficients of PAGE retarded fragments at 4°C, to the retardation observed upon HPLC at 20°or 55°C. Not only does delyed HPLC elution of curved fragments persist at higher temperatures, but in the contrary it tends to be enhanced. This was confirmed at 65°C, where the delayed elution shift was further enhanced for fragments over 200 bp, while we observed hyperchromicity effects for fragments below this size, indicating the achievement of melting conditions for small fragments (data not shown).
Finally a remarkable point is the behavior of topological DNA isomers on this column. If curvature is the reason for the observed retardation, and since curved functional motifs depend or are often a concomitant of DNA supercoiling (6, 36), we can expect that supercoiled DNA should be retarded with respect to its relaxed form. In fact retardation of the supercoiled form of plasmids such as pBR322, pAT153 or pUC18 was systematically observed (data not shown). This very interesting property, indicating the retarded elution of the superhelical form of plasmids as compared to their relaxed form on the Gen-Pak FAX column has already been reported, although unexplained (15) . Taken together, these Table I . The retardation coefficients of the HPLC eluted fragments of SV40 DNA were compared to the retardation coefficients obtained in PAGE, and to literature available data, indicating the presence of some biological important regions in the corresponding fragments, as well as data suggesting the presence of sequencedirected curvature in the above fragments. Retardation coefficients are expressed for each case as the ratio of observed size to sequence deduced size. The observed size for each fragment in the case of HPLC was calculated by comparison to the calibration expected time of elution. In both HPLC and PAGE the 1 kb ladder was used as the calibration standard. Values for the 57 bp fragment a, are approximative, as they lay out of the limit of the calibration curve; this fragment is nevertheless not retarded as it migrates clearly before the 75 bp fragment of the 1 kb DNA ladder in both PAGE and HPLC. Since some of the 1 kb ladder fragments (over 500 bp) have been shown to be already retarded (2, 11) (29) observations suggest that curvature associated conformational deviations of the normal b-DNA form are responsible for the observed HPLC retardation.
DISCUSSION
We noticed in an early stage of this study that retarded elution during separation on HPLC was observed in a general way for fragments containing periodic distributions of poly(dA) tracts. Although in a first approach it seems that HPLC retardation depends also on the AT content of fragments, a more detailed analysis reveals that the high AT content does not account for the HPLC retardation. This is suggested from several lines of evidence emerging from the results presented here: i) Many of the fragments analyzed in this study have higher retardation coefficients than other fragments although the latter exhibit a higher AT content. Five out of ten of the SV40 fragments analyzed in this study ( figure 4 and table 1) exhibit significantly higher retardation coefficients than fragments of the same genome which have higher AT content. This is obvious when retardation coefficients are plotted as a function of the AT content of the SV40 or other fragments (data not shown); ii) If AT content determines elution, it is expected that the retardation of fragments of the same size should be proportional to their AT content. This is not verified, as demonstrated by the chromatographic behavior of fragments of the same length exhibiting a high AT content difference. The 298bp fragment of SV40 (figure 4 and table I, AT content 45.6%) and the 298 bp fragment ofpBR322 (figure 3, AT content 37%) co-migrate upon HPLC although they have as much as 8,6% AT content difference. It is noteworthy that other fragments of the same length are efficiently separated although their AT content difference is much smaller (figure 2, fragments I and II of 316 bp, AT content 39.6% and 44% respectively); iii) If curvature and not the high AT content is the reason for the observed retardation, and since local curvature is greatly influenced by the superhelicity of surrounding sequences, we can expect that supercoiled DNA should be retarded with respect to its relaxed form. In fact we found supercoiled plasmids significantly retarded when compared to their relaxed form (see also ref. 15 ). Since curved motifs are dependent or even concomitant of DNA supercoiling (6, 36) only curvature and by no means the AT content can explain the above results. Taken together, these observations rule out the possibility that the observed HPLC retardation anomaly depends simply on the AT content of fragments. We found that abnormally eluting fragments systematically possess sequence particularities known to induce conformational deviations from the B-form or were observed to be curved DNA by other methods (electron microscopy, hydroxyl radical attack, retardation on polyacrylamide gels or DNA modeling). We demonstrate here that there is correlation between the retardation of fragments, as revealed by DEAE based HPLC, and the presence of curved geometries in these fragments, since they exhibit systematically the PAGE retardation anomaly. Wu and Crothers (3) first demonstrated that d(A)n tracts are responsible for DNA bending.
Increasing interest has focused in the last years on DNA bending and in a general way on structural deviations from the B conformation (37) (38) (39) (40) and its functional significance (5, 6) . Rising evidence supports the idea of the direct influence of curved sequences in fundamental biological processes like transcription (41) , replication (42) or recombination (43) .
The explanation of this interesting retardation phenomenon on the DEAE-HPLC column, seen as a common property of intrinsically curved DNA sequences, is of fundamental interest since it could give a new insight for the comprehension of the functional role of curved DNA. Separation is achieved because of the ionic interactions with the matrix (DEAE principle). Our results clearly demonstrate the existence of a common feature of the curved fragments studied, which must be responsible for the observed strong ionic interactions with the DEAE groups of the column. Only sequence induced conformational alterations can result or be a concomitant of a differential topological exposure of charges to the ionic groups of the column. Our results on the temperature dependence of the HPLC retardation are surprising, if one assumes that HPLC retardation depends on curvature, since they demonstrate that retardation persists and even enhances at conditions where structural particularities should be normally abolished. It can nevertheless be explained if one assumes that electrostatic properties of curved DNA is another sequence intrinsic feature as it is the curvature itself. Recent results, establishing that the gel pore size (and therefore geometry of the fragments) is not alone responsible for the anomalous slow electrophoretic mobilities of intrinsically curved DNA fragments in PAGE, indicate that a more complicated feature is involved even in the PAGE observed retardation anomaly (44) . Perhaps not surprisingly, polyacrylamide gel retardation of curved fragments can be substantially reduced or even eliminated by the incorporation of charged groups into the polyacrylamide matrix (44) . The reported preferential adsorption of curved DNA sequences onto the polyacrylamide strands are strongly supporting our results. They furthermore indicate that the structural deviations from the 'normal' B-form commonly referred to as curvature should be considered rather in a dynamic way and be associated and/or result in chemically reactive charged domains giving a dipole character to the studied fragments. The compressed minor groove seen as the major result of sequence directed structural constraints, could result in a local compression of charges giving rise to this dipole character. The existence of a permanent dipole character for a curved DNA fragment with reduced PAGE mobility has been reported (2, 45) . The molecular electrostatic potential calculation of Dickerson's dodecanucleotide CGCGAATTCGCG (46) has correlated the curved sequencedependent conformation of the oligonucleotide to the intrinsic electrostatic negative potentials localized in its minor groove (47) . The fact that most of the investigated curved DNA regions interact with DNA binding proteins (IHF to the tn3 region and lambda attP binding site as well as the T-antigen and RNA polymerase binding regions of the SV40 genome), adds new relevance for the role of electrostatic interactions in an early stage of the formation of nucleoprotein complexes and reinforces our conclusion for the dipole character of the detected curved DNA fragments.
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